A magnetically levitated double-layered cylinder has been developed for windage loss reduction of the high speed spindle that is rotating inside the inner cylinder. An axial position of each cylinder is actively controlled whereas radial and tilting motions are passively stabilized by the magnetic coupling between the cylinder and the stator. Based on the finite-element-method (FEM) analysis results, a prototype machine was built and tested. When the spindle was driven at 12000 rpm, the magnetically suspended inner cylinder was rotated at 4500 rpm. It is demonstrated that the magnetically levitated cylinder is effective for windage loss reduction when the spindle speed was more than 8000 rpm.
Introduction
High speed spindles are used in various industries. The spindle is directly driven by a high speed motor unit or is connected with a general-purpose motor by gears or belts with small reduction ratio. The high speed drive, however, increases mechanical friction and windage losses. One possible solution to eliminate mechanical friction of the spindle is to use magnetic bearing [Bleuler, et al., 2009] or a bearingless motor [Chiba, et al., 2005] . Another way to save the power for spindle drive is to reduce the windage loss. In the previous work [Shimada, et al., 2007] , a high speed rotating body is coaxially covered by one or more hollow cylinders with small air-gaps to reduce the windage loss of the rotating body. Those cylinders are also rotated at high speed by air friction in the air-gap where the velocity gradient is deceased. As a result, viscous drag of the rotating body is reduced, resulting in windage loss reduction. In addition, an increase in the number of cylinders contributes to further windage loss reduction. These high speed cylinders, however, are suspended by bearings with mechanical contact.
Magnetic suspension is one possible solution to reduce the mechanical friction loss of the cylinder. However, a conventional magnetic bearing with 5-degrees-of-freedom (DOF) active positioning control increases the size and cost. In the previous works, 1-DOF actively controlled magnetic bearings [Silva and Horikawa, 2000 , Kuroki, et al., 2005 , and Schouleur, et al., 2007 and a bearingless motor [Asama, et al., 2013 ] having a one cylindrical-shaped rotor have been developed. Axial positions of the spindle and the cylinder are actively controlled whereas the radial and tilting motions are passively stabilized by the permanent magnet bearings.
In this paper, a magnetically levitated double-layered cylinder has been proposed for further windage loss reduction of the high speed spindle. The spindle is suspended by mechanical bearings, driven by an external motor, and rotated inside the levitated inner cylinder with a small air-gap. An outer cylinder is located around the inner one and is levitated. Therefore, the proposed double-layered cylinder contributes to reduction in power consumption of the external motor. An axial position of each maglev cylinder is actively controlled whereas radial and tilt directions are passively stabilized. Section 2 describes the structure of the magnetically levitated double-layered cylinder and principle of magnetic suspension. Section 3 provides design consideration based on FEM analysis. Section 4 shows a fabricated test machine and experimental results. Fig. 1 shows a structure of the proposed magnetically suspended double-layered cylinder with 1-DOF active positioning control. It has inner and outer cylindrical rotors which are magnetically levitated. A high speed spindle is rotated inside the inner rotor. A permanent magnet ring is sandwiched between the stator irons. Two kinds of solenoids are installed to generate axial suspension forces for the inner and outer rotors. Each axial position, z, of the rotor is actively controlled, whereas the remaining four-DOF motions (x, y, θ x , and θ y ) are passively stabilized by the magnetic coupling between the rotor and the stator. Fig. 2 shows principle of suspension force generation for the inner and outer cylindrical rotors, where the bias magnetic flux is shown with black broken line. The geometry and dimension in the figure are modified to clearly show the magnetic flux lines. When the suspension current is provided to the inner solenoids, the suspension fluxes are generated as shown with blue arrows. Then, the magnetic flux densities in the air-gaps are unbalanced. As a result, the (a) Principle of suspension force generation for the inner rotor.
Structure and Principle
(b) Principle of suspension force generation for the outer rotor. Fig. 2 Principle of suspension force generation for the inner (a) and outer (b) cylindrical rotors. When the suspension current is provided to the solenoids connected in series, the suspension flux is generated. The resulting magnetic flux unbalances the magnetic flux density in the air-gap, as a result, the suspension force is generated. The direction and amplitude of the suspension force can be regulated by the suspension current.
suspension force is generated in the axial direction. The suspension fluxes induced from the outer solenoids are shown with red arrows. The axial suspension force of the outer rotor is also generated by superimposition of the bias and suspension fluxes. Fig. 3 shows principle of passive stabilization of the inner rotor. When the rotor moves to the radial and tilting directions, the restoring force and torque are respectively produced by the magnetic coupling between the rotor and the stator. In a similar manner, the radial and tilting motions of the outer rotor are passively stabilized. Fig. 4 shows a part of cross-sectional view of the analysis model for FEM calculation using a commercially available software (JMAG, JSOL Corp., Japan). Outer diameters of the inner and outer rotors are 48 mm and 54 mm, respectively. The radial thickness of each rotor is 1 mm, thus a radial air-gap between these rotors is 2 mm. Axial lengths of the inner and outer rotors are 182 mm and 150 mm, respectively. An axial air-gap between the rotor and the stator is 0.5 mm. The materials for the rotors and stators are set to be 0.45 % carbon steel and pure iron, respectively. The permanent magnet is NdFeB (N46 grade). In this section, suspension forces and stiffnesses are investigated by changing the geometry and dimension of the proposed double-layered cylinder using the model I as shown in Fig. 4 (a) .
FEM Calculation
In the case of model II, as shown in Fig. 4 (b), undesirable force is significantly generated on the inner rotor when the suspension current is provided to the outer solenoids. This interference force must be reduced because it works as disturbance to the positioning control for the inner rotor. To reduce the interference, the model III, as shown in Fig. 4 (c), which has a longer axial distance between the outer and inner solenoids, is proposed. Although this interference force can be reduced by using the model III, the primary suspension force is also decreased. Therefore, suspension force and stiffness are investigated using the model I in this section. Fig. 5 shows contour plots of the magnetic flux density with or without a tooth step. When the radial width, w, is 0, magnetic flux density inside the tooth of the inner stator is saturated. When w is increased, the magnetic saturation is prevented, and thus the reluctance is of the magnetic circuit for the magnetic suspension is decreased. As a result, the suspension force constant increases by approximately twice. The radial width, w, is determined to be w=1 mm. When the rotor shits in the radial direction (x and y), the restoring force is generated. In a similar manner, the restoring torque is generated when the rotor is tilted (θ x and θ y ). As a result, the rotor is automatically aligned at the magnetically balanced center position. t increased, the radial stiffness is decreased. This outer iron part contributes to an increase in suspension force of the outer rotor, because the reluctance in the loop around the outer solenoid is decreased. However, the primary bias magnetic flux in the air-gaps between the rotor and the stator is decreased because of an increase in the leakage flux which flows through this outer iron part and outside of the permanent magnet. In addition, it is quite simple to make the outer stator when l =0. Therefore, the axial length of the outside of the outer rotor, l, is determined to be 0. Fig. 6 (b) shows calculated radial stiffness of the outer rotor when the axial thickness of the outer stator, t, is changed. The radial stiffness of the outer rotor, k zo , has a peak value of k zo =24.8 N/mm when t=4.5 mm. Fig. 7 shows calculated suspension force when the current is independently provided to inner (a) and outer (b) solenoids. The gradient of the force-current plot is defined as the suspension force constant. The calculated suspension force constants for the inner (k si ) and outer (k so ) rotors are k si =11.9 N/A and k so =9.6 N/A, respectively. When the current is provided to inner solenoid, quite little axial force on the outer rotor is generated. However, interference force is generated on the inner rotor when the current is provided to the outer solenoid. The calculated interference force constants are k si_o =0.6 N/A with an inner solenoidal current, i i , and k so_i =2.7 N/A with an outer solenoidal current, i o .
(a) w=0.
(b) w=1 mm. Fig. 4 , is increased, the radial stiffness is decreased. When the thickness of the stator, t, is 4.5 mm, the radial stiffness has a peak value of 24.8 N/mm.
(a) when the current is provided to inner solenoid, i i .
(b) when the current is provided to outer solenoid, i o . Fig. 7 Calculated suspension force generated in the axial direction when the current is provided to inner (a) and outer (b) solenoids. When the suspension current is provided to inner solenoid, the axial force applied on the outer rotor is not generated. However, interference force is applied on the inner rotor when the current is provided to the outer solenoid. This interference force coefficient is calculated as 2.7 N/A with i o . The interference force with the current of the outer solenoid influences on the suspension stability of the inner rotor.
However, the suspension current may be small and thus have little influence on the inner rotor when the rotors are located at the center and the load is not applied on the rotor in the axial direction. The calculated suspension parameters by FEM are summarized in Table 1 . Fig. 8 shows fabricated experimental apparatus. Fig. 8 (a) shows inner and outer rotors, Fig. 8 (b) shows a sensor target plate for the inner rotor attached at the end of the rotor, Fig. 8 (c) shows a hollow sensor target for the outer rotor attached at the center of the outer rotor, Fig. 8 (d) shows assembled stators including a permanent magnet ring, Fig. 8 (e) shows an outer solenoid with 200 turns of φ0.5 copper wire, and Fig. 8 (f) shows an assembly of the magnetically suspended double-layered cylinder. The measured inner and outer rotor weights including each sensor target are 226 g and 205 g, respectively. An inner solenoid is also made with 180 turns of φ0.35 copper wire. An off-the-shelf pulse-width-modulation servo-amplifier (PMA2, Servo Techno Corp., Japan) with a dc voltage of 88 V is used. Axial positions of the inner and outer rotors are independently controlled. A proportional-integral-derivative (PID) controller with the help of the digital signal processor (cRIO-9022, National Instruments Corp., USA) is applied to regulate an axial position of the rotor. The minor PI loop for regulation of the suspension current is also used for each positioning control. One eddy current type displacement sensor (PU-05, 5.0 mm probe diameter, AEC Corp., Japan) is used for detection of the axial displacement of the inner rotor using a sensor target plate shown in Fig. 8 (b) . On the other hand, two eddy current sensors (PU-02A, 2.2 mm probe diameter, AEC Corp., Japan) are used to detect the outer rotor displacement to cancel the tilting motion using a hollow sensor target shown in Fig. 8 (c) . These displacement sensors are calibrated using the respective targets. The inner and outer rotors are successfully levitated. Fig. 9 shows measured axial displacements of the inner and outer rotor and suspension currents when magnetic suspension control is activated. Both rotor reaches at the target position after 10 ms. The target position of each rotor was previously tuned so that the dc component of the suspension current is eliminated. The suspension force constant of the inner rotor is measured. The experimental apparatus is vertically set so that the axial direction is aligned to the gravitational direction. The inner rotor is only levitated, and several weights are put on the sensor target plate attached at the end of the inner rotor. To maintain the axial position due to the integral control, the suspension force is generated in the opposite direction to the weight. This suspension force is equivalent to the weight. The gradient of the measured current-force plot is defined as a suspension force constant of the inner rotor, k si . The measured k si is 15.8 N/A. To measure the suspension force constant of the outer rotor, the experimental apparatus is put on the index table which can precisely rotates the apparatus around the radial X-axis of the outer rotor, and the outer rotor is only levitated. In this condition, the gravitational component of the own weight, which is dependent on the tilting angle of the index table, is applied to the axial direction of the outer rotor. Then, the suspension force is generated in the opposite direction to the gravitational component. The generated suspension force is equivalent to the gravitational component, then, the current-force plot gives the suspension force constant of the outer rotor, k so . The measured k so is 10.0 N/A. The axial stiffness is identified. When the target position of the rotor is slightly shifted by a few tens of micrometers in the axial direction, the unbalanced magnetic pull occurs in the same direction. However, the axial suspension force equal to this unbalanced magnetic pull is generated in the opposite direction due to the integral controller. The gradient of the plot of the suspension force against the axial displacement gives the axial stiffness. The measured axial stiffnesses of the inner and outer rotors are k zi = −235 N/mm and k zo = −170 N/mm, respectively.
Experiment
To measure the interference force constant, the experimental apparatus is horizontally put, and the inner rotor is only levitated. Then, the current is provided in the outer solenoids. If there exists the interference force on the inner rotor, the suspension current flows in the inner solenoids and suspension force is generated in the opposite direction to the interference force which can be estimated by using the previously measured k si . The gradient of the current-suspension force plot is defined as an interference force constant, k so_i , when the outer rotor current is changed. The measured k so_i is 3.8 N/A. In a similar manner, the undesirable force generated on the outer rotor when the inner solenoidal current is provided is estimated. This interference constant, k si_o is 0.2 N/A.
(a) Axial displacement.
(b) Suspension current. The radial stiffness of the rotor is measured. The radial displacement and tilt angle of the inner and outer rotors are measured by using two laser displacement sensors (HL-C2 series, Panasonic, Japan) for each rotor. The several loads are applied on each levitated rotor. The relationship between the load and radial displacement gives the radial stiffness. The measured radial stiffnesses of the inner and outer rotors are k ri =26.2 N/mm and k ro =25.8 N/mm, respectively. Therefore, the radial shifts of the inner and outer rotors caused by the rotor weight are smaller than 0.1 mm, when the experimental apparatus is put horizontally. The tilting stiffness is measured. When the impulse force is applied on the levitated rotor, the free vibration can be observed, which gives the resonant frequency in the tilting direction. The tilting stiffness can be identified from the calculated moment of inertia of the rotor and this resonant frequency. The measured tilting stiffnesses of the inner and outer rotors are k θi =204 Nm/rad and k θo =52.9 Nm/rad, respectively. Table 2 summarizes the measured suspension parameters.
A spindle is driven by a general-purpose brushless dc motor (BXS460AM-A-1, Oriental Motor, Japan) with a belt and is rotated inside the inner rotor. When the inner rotor is only levitated, the vibration amplitude is measured. Fig. 10 shows vibration amplitudes in the passively stabilized radial and tilting directions. When the spindle is rotated at 12000 rpm, the rotational speed of the inner rotor is 4500 rpm. When the speed is increased, the inner rotor is contacted with the spindle at 4500 rpm because of the tilting resonance. Although the radial vibration is much smaller than the radial air-gap of 1 mm, the tilting vibration is significantly high. The axial vibration is also measured which is smaller than 10 μm. We are now addressing this problem to drive the magnetically levitated cylinder at higher rotational speed.
The power consumption of both the brushless dc motor and the magnetically levitated cylinder are measured by a commercially available power meter (WT1800, Yokogawa Electric Corp., Japan) and plotted in Fig. 11 . The blue line with diamonds indicates the power consumption of the motor, denoted by P m , when the inner rotor is fixed (not levitated). The red line with circles indicates the power consumption with the levitated inner rotor. It is smaller than the power with the fixed inner rotor and the difference is gradually increased with an increase in the rotational speed. Therefore, it is concluded that the magnetically levitated cylinder contributes to reduction in both windage loss of the spindle and power consumption of the motor. The green line with squares indicates the power consumption for the magnetic suspension of the inner rotor, denoted by P s . It is approximately 1 W in the measured speed range. The purple line with triangles indicates the sum of the power consumptions, P m +P s . When the spindle speed is higher than 8000 rpm, the total power consumption using the levitated inner rotor becomes smaller. We tried to levitate and drive both the inner and outer rotors. However, the maximum rotational speed of the spindle was 7700 rpm, and the speeds of the inner and outer rotors were 3300 rpm and 1500 rpm. At this rotational speed, the levitated outer rotor contacted with the stator because of the tilting resonance of the outer rotor. We are currently working on this problem.
Conclusion
A magnetically levitated double-layered cylinder has been developed for windage loss reduction of the high speed spindle. The fabricated rotors are magnetically levitated. The inner rotor is driven up to 4500 rpm where the spindle is rotated at 12000 rpm. It is experimentally demonstrated that the magnetically levitated cylinder is effective for windage loss reduction. Although the inner and outer rotors are both levitated and driven, speeds of the inner and outer rotors are only 3300 rpm and 1500 rpm at the spindle speed of 7700 rpm, because of the tilting resonance of the outer rotor. In future work, we will address further improvement for higher speed operation when the inner and outer rotors are both magnetically levitated and rotated. 
